Recent water related outbreaks of shiga toxin producing E. coli O157 have resulted in increased attention of the water industry to this potentially deadly pathogen. Current methods to detect E. coli O157 and its virulence genes are laborious and time-consuming. Specificity, sensitivity and simple use of a real-time PCR method makes it an attractive alternative for the detection of STEC E. coli O157. This study describes the development and application of real-time PCR methods for the detection of E. coli O157, shiga toxin genes (Stx1 and Stx2) and E. coli. The specificity of the methods was confirmed by performing colony-PCR assays on characterized bacterial isolates, demonstrating the applicability of these assays as rapid tests to confirm the presence of E. coli or E. coli O157 colonies on culture plates. Sensitive culture-PCR methods were developed by combining culture enrichment with real-time PCR detection. This rapid method allowed detection of low concentrations of E. coli O157 in the presence of high concentrations of non-O157-E. coli
INTRODUCTION
Shiga-like toxin producing Escherichia coli (STEC) and especially serotype O157 are important emerging pathogens that can cause a variety of clinical symptoms ranging from mild diarrhoea to severe bloody diarrhoea. Possible complications like haemolytic uremic syndrome (HUS) can be lifethreatening and it is assumed that shiga-like toxins (coded by Stx genes) are important virulence factors that play a pivotal role in development of HUS (Griffin & Tauxe 1991) .
Cattle are recognized as the main reservoir for STEC O157 resulting in zoonotic transmission by consumption of raw or undercooked contaminated beef and other bovine food products (Jay et al. 2004; Kassenborg et al. 2004) .
However, outbreaks related to consumption of contaminated water (Licence et al. 2001; Olsen et al. 2002) or to the use of surface water for recreational purposes (Bruneau et al. 2004 ) have been reported as well. A recent outbreak in Walkerton, Canada (May 2000) was related to consumption of faecally contaminated drinking water and resulted in an estimated number of 2300 disease cases with seven being fatal (Hrudey et al. 2003) . Campylobacter jejuni and STEC O157 were identified as the main pathogens responsible for these disease cases and STEC O157 was responsible for the deaths. This serious outbreak has led to increased awareness of STEC O157 by the drinking water industry.
In The Netherlands, STEC O157 has been isolated from approximately 6% of the cattle and 4% of the sheep (Heuvelink et al. 1998a, b) , which makes it reasonable to assume that water contaminated with cattle or sheep faeces doi: 10.2166/wh.2006.026 harbours STEC O157. Recently, STEC O157 has been detected in water from private groundwater wells (Schets et al. 2004) . However, information on the presence of STEC O157 in surface water is still missing.
Currently, STEC O157 is detected in water samples using membrane filtration followed by selective enrichment in liquid broth and subsequent immuno-magnetic-separation (IMS) followed by growth on selective culture plates (Standing Committee of Analysts (Environment Agency), 2002). Subsequently, presumptive STEC O157 colonies are subcultured and finally characterized using biochemical and immunological tests. These methods are laborious, time-consuming and not always reliable (Karch & Bielaszewska 2001) . As a result of these limitations, routine applications to demonstrate the presence of STEC E. coli O157 in environmental water samples are difficult and ask for the development of simple and more specific methods.
Therefore, PCR-based methods have been developed to detect STEC E. coli O157 in clinical (Takeshi et al. 1997) , food (Oberst et al. 1998 ) and environmental samples (Fortin et al. 2001; Ibekwe et al. 2002) . Real-time PCR methods make detection of the synthesized DNA fragments possible during the PCR reaction using fluorescent techniques in combination with an on-line fluorescent detection system. Direct real-time PCR detection of STEC O157 on DNA isolated from concentrated water samples has the advantage of being a quick and quantitative method. However, application of real-time PCR on environmental water samples requires an easy DNA isolation and concentration method that results in high recoveries of very pure DNA and low concentrations of PCR inhibitors. At present, these DNA isolation methods are laborious and not yet optimal for sensitive detection in environmental water samples.
One way to overcome these problems is to perform realtime PCR after culture enrichment, because of increased numbers of target cells during the growth phase. This results in increased sensitivity without the need for high-quality DNA isolation methods. Additionally, the quantitative characteristic of real-time PCR enables monitoring of cell growth during the enrichment step, resulting in important information concerning the ability to culture the detected cells and the implications for health risks of the detected pathogens. This has led to the development of detection methods (Frahm & Obst 2003 ) that combine culture enrichment with PCR detection (culture-PCR) resulting in sensitive and specific detection of culturable E. coli.
A disadvantage of this method is that quantification is only possible by performing multiple tests on serial dilutions of the samples and determining the most probable number (MPN).
The aim of this study was to develop, optimize and apply real-time PCR methods to detect E. coli, E. coli O157, and both shiga-like toxin genes (Stx1 and Stx2) in environmental water samples. The application of these methods to characterize colonies on culture plates and to quantitatively detect these bacteria in water samples using enrichment cultures was studied and compared with standard methods.
MATERIALS AND METHODS
Bacterial strains E. coli O157 reference strains 700376 (containing the Stx1 gene), 700377 (containing the Stx2 gene), 700378 (containing the Stx1 and the Stx2 gene) and E. coli type strain 11775 were all obtained from the American Type Culture Collection. The Escherichia coli reference collection (ECOR), containing 72 natural isolates from different hosts and different geographic locations (Ochman & Selander 1984) , and a collection of diarrheagenic E. coli clones (DECA) (Whittam et al. 1993) , containing 74 pathogenic E. coli reference strains (Reid et al. 1999 
Water samples
Water samples (31) were obtained from different locations in The Netherlands between April and July 2004. Twentytwo samples were taken from surface water, which is used for the production of drinking water, at the intake of water treatment plants. Two surface water samples were obtained from a location close to a cattle farm. Three surface water samples were taken from a lake which is used for recreational purposes. Four water samples were taken at a wastewater treatment plant, one from the effluent and three from the influent. (Hobbie et al. 1977) . The CFU concentration was confirmed to be equivalent to the microscopically determined cell concentration resulting in a thoroughly quantified cell suspension. Aliquots (200 ml) of this suspension were stored at 2 808C after addition of glycerol to a concentration of 25% (V/V). CFU and microscopic counts of STEC O157 were checked after thawing and it was observed that the number of STEC O157 was not influenced by freezing and thawing. Diluted cell suspensions were used in spiking experiments and also for the preparation of purified DNA. The Qiagen DNeasy (Qiagen, Venlo, The Netherlands) affinity column based DNA purification method was used to isolate and purify DNA according to the manufacturer's instructions.
Real-time PCR: primers and reaction conditions
The sequences of the primers that were used to detect E. coli, E. coli O157 and Stx1, Stx2 Shiga toxin genes are shown in Table 1 . Previously described primers to detect E. coli (Bej et al. 1991 ) and E. coli O157 (Fortin et al. 2001) were slightly modified with the help of the Beacon Designer software (Premier Biosoft, Palo Alto, USA) to provide optimal reaction efficiencies and minimal primer -dimer formation. The E. coli specific primers target the uidA gene, which encodes for the b-D-glucuronidase enzyme present in E. coli. The E. coli O157 specific primers target the rfbE gene (Fortin et al. 2001) , which encodes for an enzyme involved in the biosynthesis of the O157 antigen. The sequences of the primers specific for the shiga toxin genes (Stx1 and Stx2) have been described previously Melting curve analysis was successfully used to discriminate between primer -dimers and specific product in those cases.
RESULTS

Real-time PCR reactions
Specificity
The specificity of the methods was determined by performing real-time PCR reactions on colony suspensions from the collections of characterized bacterial isolates ( Table 2) .
The ATCC strains and isolates from the DECA collection were used to study the specificity of the E. coli, E. coli O157,
Stx1 and Stx2 detection methods, whereas the isolates from the ECOR collection were used to study the specificity of the E. coli and E. coli O157 detection methods and isolates from the coliform collection were used to study the specificity of the E. coli detection method.
The results are summarized in containing Stx1 and Stx2) and E. coli (ATCC 11775 at concentrations of 0, 10 1 , 10 2 , 10 3 and 10 4 CFU/100 ml).
Sample aliquots were taken from the enrichment broth immediately after the addition of the filter to the broth and after 20 h incubation at 428C. DNA isolated from these aliquots was analysed for the presence of STEC O157. This showed that E. coli O157 and Stx genes could only be detected after the incubation step, demonstrating that these methods enable detection of culturable bacteria. where both methods were in good agreement, whereas in two samples E. coli was only detected with culture-PCR (Figure 3) .
DISCUSSION
Real-time PCR methods to detect pathogenic micro-organisms in water have the potential advantage of being fast, sensitive, specific and easy to perform and interpret. Using real-time PCR detection on environmental samples, special care has to be given to the need for low detection limits of target organisms in samples with high and diverse bacterial background flora and the presence of PCR inhibiting that are not able to resist the selective properties of the CT-SMAC plates as described previously (Karch et al. 1996) . coli in a maximum of 24 h but these tests appear to result in relatively higher numbers of false-negative reactions (Schets et al. 2002) . These false-negative reactions are probably caused by E. coli strains, including most E. coli O157 strains, that do not express the b-glucuronidase enzyme although they possess the uidA gene (Martins et al. 1993) . This indicates that the uidA gene used in the real-time PCR assay is a more reliable E. coli marker than actual expression of the bglucuronidase enzyme. 
CONCLUSIONS
